The Oct4 gene is a master regulator of the pluripotent properties of embryonic stem cells (ESCs). Recently, Oct4 loci were shown to frequently localize in close proximity to one another during the early stage of cellular differentiation, implicating this event as an important prerequisite step for ESCs to exert their full differentiation potential. Although the differentiation capacity of embryonal carcinoma cells (ECCs), such as F9 and P19 ECC lines, is severely restricted compared with ESCs, ECCs bear a highly similar expression profile to that of ESCs including expression of Oct4 and other pluripotency marker genes. Therefore, we examined whether allelic pairing of Oct4 loci also occurs during differentiation of F9 and P19 ECCs. Our data clearly demonstrate that this event is only observed within ESCs, but not ECCs, subjected to induction of differentiation, indicating transient allelic pairing of Oct4 loci as a specific feature of pluripotent ESCs. Moreover, our data revealed that this pairing did not occur broadly across chromosome 17, which carries the Oct4 gene, but occurred locally between Oct4 loci, suggesting that Oct4 loci somehow exert a driving force for their allelic pairing.
Introduction
Three-dimensional genome organization has become a topic of intense study, yielding numerous insights supporting the importance of chromatin spatiotemporal organization within the nucleus for controlling gene expression (Hubner et al. 2013; Dekker & Mirny 2016) . Indeed, it has been shown that distinct cell types bear distinct chromatin organization patterns to sustain unique transcriptional networks underlying their individual biological properties (Duan & Blau 2012) . A number of long-range intrachromosomal interactions support recruitment of distantly located regulatory regions to gene promoters to establish cell type-specific expression profiles (Carter et al. 2002; Tolhuis et al. 2002; Li et al. 2012; Sanyal et al. 2012) . However, such longrange physical interactions are not restricted to within individual chromosomes, as interchromosomal interactions are also evident within the nucleus. Interestingly, it has been demonstrated that interchromosomal contacts may even be more highly correlated with transcriptional activity than intrachromosomal contacts (Kalhor et al. 2011) . Consistent with this notion, loci of the Oct4 gene, which encodes a master regulator of embryonic stem cell (ESC) pluripotency, establish a number of new interchromosomal interactions during the reprograming of somatic cells into induced pluripotent stem cells (iPSCs); indeed, participation of the Oct4 locus in such interchromosomal interactions appears to be a prerequisite for its endogenous expression (Wei et al. 2013 ). Among such interchromosomal interactions, pairing between homologous allelic regions of chromosomes exists. However, unlike interchromosomal interactions between heterologous chromosomes, most interactions between homologous allelic regions within a single chromosome are associated with imprinting. Perhaps the most well-known example is transient homologous pairing of X chromosomes at the onset of X inactivation, which is believed to occur to ensure only one of two X chromosomes is inactivated (Xu et al. 2006; Augui et al. 2007; Masui et al. 2011; Galupa & Heard 2015) . Another representative example is the homologous pairing of human chromosome 15q11-q13, which is subjected to parental imprinting (Lasalle & Lalande 1996) . These chromosomal regions encompass Prader-Willi and Angelman syndrome loci, which exhibit impaired homologous pairing to a certain extent in these inherited diseases (Williams et al. 2010) ; thus, chromosomal interactions between maternal and paternal loci appear to be crucial for establishing monoallelic expression by imprinting. However, homologous allelic pairing is not necessarily associated with monoallelic expression. For example, homologous pairing of chromosome 19 qarms in renal oncocytoma cells is associated with altered expression levels of a certain subset of genes (Koeman et al. 2008) .
Interestingly, a recent report demonstrated that Oct4 loci, which function as a center for generating a number of interchromosomal interactions, tend to come into close proximity with one another during the early stage of cellular differentiation (Hogan et al. 2015) . This implicates homologous pairing of Oct4 alleles as a prerequisite step for the transition of pluripotent ESCs to lineage-committed differentiated cells. However, it has not been intensively explored whether this homologous pairing of Oct4 loci is strictly linked to pluripotency, the propensity of which is most prominent in ESCs as they are able to convert into any cell type in the body including germ cells. Notably, while F9 and P19 embryonal carcinoma cells (ECCs) strongly resemble ESCs with regard to gene expression profile, including expression of Oct4 and other pluripotency marker genes, the differentiation capacities of F9 and P19 ECCs are severely restricted. Indeed, retinoic acid (RA) treatment induces cellular differentiation rather exclusively into extra-embryonic endoderm and neuroectodermal cells, respectively (Strickland & Mahdavi 1978) . Therefore, we considered ESCs and ECCs (cells with and without pluripotent properties, respectively) to represent an ideal set of cell types for exploring whether homologous pairing of Oct4 loci is linked to pluripotency.
In this report, we unequivocally demonstrate that homologous pairing of Oct4 alleles is a phenomenon occurring exclusively within ESCs exhibiting a strong pluripotent propensity, but not in F9 and P19 ECCs.
Materials and methods

Materials
Embryonic stem cells (CMTI-1) were cultured under standard feeder-free conditions using Glasgow's Minimal Essential Medium (Sigma) supplemented with 10% fetal calf serum and leukemia inhibitory factor (LIF; 1000 units/mL), as previously described (Suzuki et al. 2016) . ECCs (F9 and P19) were cultured under the same conditions without LIF. Bacterial artificial chromosome (BAC) clones carrying Oct4 (RP23-38P5), Mei1 (RP23-480E14), or follicle-stimulating hormone receptor (Fshr) loci (RP23-467D18) were purchased from Thermo Fisher Scientific. DNA was prepared from BAC clones using a NucleoBond Xtra Midi Kit (Macherey-Nagel) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction Total RNA from ESCs (CMTI-1) and ECCs (F9 and P19) was prepared using TRIzol reagent. Complementary DNA was obtained by reverse transcription with reverse transcriptase and oligo dT primers. Expression levels of Oct4, Utf1, and Gapdh were quantified by TaqMan-based reactions using a StepOnePlus RT-PCR system (Applied Biosystems).
Immunostaining
Cells cultured on coverslips were fixed with 4% paraformaldehyde for 20 min at room temperature. Fixed cells were permeabilized with phosphate-buffered saline (PBS) containing 0.5% Triton X-100 for 10 min at room temperature, and then incubated with PBS containing 1% bovine serum albumin for 1 h followed by incubation with rabbit anti-OCT4 (Abcam) and mouse anti-GATA6 (Santa Cruz) for 1 h. After extensive washing, cells were incubated with Alexa Fluor 488-conjugated anti-mouse IgG and Alexa Fluor 594-conjugated anti-rabbit IgG for 30 min. Subsequently, cells were washed and observed under a fluorescent microscope.
DNA fluorescent in situ hybridization assays
Probes for DNA fluorescent in situ hybridization (FISH) were prepared by nick translation reaction with either digoxigenin-11-dUTP or biotin-16-dUTP using BAC DNA as a template. FISH assays were performed exactly as described by Hogan et al. (2015) with CMTI-1 ESCs, F9 or P19 ECCs grown on coverslips with or without RA (500 nmol/L).
Images were acquired using a BZ-X700 microscope (Keyence, Japan) with a 609 objective lens with 1.40 numerical aperture. Approximately 30-70 optical sections (100-200 nm in thickness) were acquired from each field of view and those images were used to calculate distances between two FISH signals within a nucleus. The same criteria used by Hogan et al. (2015) were applied to judge whether two loci were located in close proximity (<2 lm) or not (>2 lm).
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Results
Transient allelic pairing of Oct4, but not Mei1, loci during differentiation of CMTI-1 ESCs Oct4 is probably the most important gene governing the remarkable propensities of ESCs, i.e. indefinite self-renewal and pluripotency. Recently, an intriguing finding suggested that homozygous alleles of the Oct4 gene transiently localize in close proximity to each other when ESCs are forced to exit from the pluripotent state by treatment with RA or other methods (Hogan et al. 2015) . To extend this finding, we first conducted the same experiments using a different ESC line (CMTI-1) to eliminate the possibility that this phenomenon is restricted to the specialized mouse ESC line (V6.5) used in the previous study. To this end, CMTI-1 ESCs were cultured with or without RA, and FISH analyses were conducted using a probe prepared from BAC DNA harboring the Oct4 gene locus (RP23-38P5) of chromosome 17. These analyses revealed that Oct4 loci of CMTI-1 ESCs treated with RA for one day localize in close proximity to each other about two-times more frequently than untreated ESCs or ESCs treated with RA for 2 days (Fig. 1A,B) , indicating transient pairing of homologous Oct4 alleles to be a phenomenon generally observable among mouse ESCs subjected to induction of cellular differentiation. As a negative control, we also conducted the same experiment with a probe prepared from BAC DNA (RP23-480E14) harboring a portion of chromosome 15 (hereafter referred to as Mei1 loci) and found no alteration in the frequency of allelic pairing during induction of cellular differentiation (Fig. 1A,B) , further strengthening the specificity of homologous pairing between Oct4 alleles. Furthermore, we also found that transient pairing of Oct4 alleles occurred in CMTI-1 ESCs even when differentiation was simply induced by the withdrawal of LIF from culture medium (Fig. S1 ).
Comparable kinetics of declining pluripotent marker gene expression in RA-treated ESCs and ECCs
As our data revealed that allelic pairing of Oct4 loci is a general phenomenon among mouse ESCs, we next examined whether this phenomenon also occurs in F9 ECCs, which possess a significantly similar gene expression profile to ESCs, but lack pluripotent properties (Strickland & Mahdavi 1978) . However, before investigating this possibility, we examined whether RA treatment is as effective in forcing F9 ECCs to exit from an undifferentiated state as was observed for ESCs. To this end, we treated CMTI-1 ESCs and F9 ECCs with RA in parallel, and examined the expression levels of pluripotency markers (Oct4 and Utf1; Okuda et al. 1998 ) and differentiation markers (Gata4 and Gata6) at the indicated time points. We found that both Utf1 and Oct4 expression levels were significantly decreased upon RA treatment in CMTI-1 ESCs and F9 ECCs ( Fig. 2A,B) . We also found this to be coupled with a profound increase in the expression of Gata4 and Gata6 in both cell lines (Fig. S2A,B) . In addition, we also examined expression of OCT4 and GATA6 proteins by immunostaining analyses of CMTI-1 ESCs (Fig. S3A ) and F9 ECCs (Fig. S3B ) treated or untreated with RA. These analyses revealed the presence of OCT4 and GATA6 in both cell types in a mutually exclusive manner (Fig. S3A,B) , confirming that these ESCs and ECCs underwent a normal differentiation process.
Absence of homologous pairing between Oct4 alleles in differentiation-induced F9 and P19 ECCs As our data revealed that both ESCs and F9 ECCs reduced their expression of pluripotency marker genes with similar kinetics upon induction of cellular differentiation, we examined the possibility of homologous pairing between Oct4 alleles in F9 ECCs. However, unlike ESCs, no increased frequency of homologous pairing of either Oct4 or Mei1 alleles was evident during differentiation of F9 ECCs, at least at time points used for analyses of ESCs (Fig. 3A,B) . Importantly, as allelic pairing of Oct4 alleles may occur in F9 ECCs with different kinetics from those of ESCs, we also conducted FISH analyses of Oct4 loci with RA-treated F9 ECCs at earlier and later time points. Our data clearly revealed no increase in the frequency of homologous pairing of Oct4 alleles in F9 ECCs treated with RA for 12 h (Fig. S4A,B) . In contrast to these observations, our data indicated that treatment of F9 ECCs with RA for 4 days led to more frequent homologous pairing of Oct4 loci compared with F9 ECCs untreated or treated for <2 days (Fig. S4A,B) . However, we also observed a higher frequency of Mei1 alleles residing into close proximity each other in RA-treated F9 ECCs at this time point (Fig. S4A,B) . Thus, this apparent increase in the frequency of allelic pairing does not represent a specific event observed for Oct4 loci and, instead, represents a completely different event from that observed with ESCs treated with RA for 1 day.
As F9 ECCs are unable to differentiate into somatic cells of the entire embryo proper, instead exclusively converting into extraembryonic cells, there are two possibilities that explain our data demonstrating a lack of specific allelic pairing of Oct4 loci during differentiation of F9 ECCs. One possibility is that this lack represents their deficiency for pluripotency, in which ª 2017 Japanese Society of Developmental Biologists analyses of Oct4 and Mei1 loci in retinoic acid (RA)-treated and untreated CMTI-1 ESCs were carried out as described in Materials and Methods. Nuclei were counter-stained with 4´6´-diamidino-2-phenylindole dihydrochloride (DAPI) (blue). Oct4 alleles located in close proximity are indicated with white arrows. Scale bars = 5 lm. (B) Relative frequency of homologous allelic paring of Oct4 and Mei1 loci in RA-treated and -untreated CMTI-1 ESCs. Two homologous alleles were judged to be located in close proximity when their distance was less than 2 lm. Values obtained for RA-untreated ESCs were arbitrarily set to one for both Oct4 and Mei1 loci. Data represent mean AE standard deviation (SD) of three independent experiments (more than 100 cells were examined in each experiment). One-way ANOVA and Student's t-test analyses were employed: *, P < 0.05. Oct4 locus, Mei1 locus.
ª 2017 Japanese Society of Developmental Biologists lineage commitment potential is severely restricted. Alternatively, the absence of this phenomenon in RAtreated F9 ECCs may reflect the inability of these cells to differentiate into any cells in three germ layers of the embryo proper. To discriminate between these two possibilities, we examined P19 ECCs cultured with or without RA, as P19 ECCs exhibit a similarly limited differentiation capacity to F9 ECCs, but unlike these cells, are able to differentiate into neuronal cell lineages with RA treatment. First, we examined the expression of Utf1 and Oct4 genes during RAmediated differentiation by quantitative RT-PCR and immunostaining analyses, and found that P19 ECCs were appropriately differentiated by RA treatment (Fig. S5A,B) . Next, upon investigating the possibility of allelic pairing of Oct4 loci by FISH analyses, our data revealed that, unlike ESCs, P19 ECCs did not exhibit any noticeable increase in the frequency of allelic pairing of Oct4 loci during the course of differentiation (Fig. 4A,B) . Therefore, our data demonstrate that the phenomenon of homologous allelic pairing of Oct4 loci is specifically linked to the pluripotency of ESCs, as F9 and P19 ECCs lacking full pluripotency are devoid of such propensity.
Allelic pairing does not occur across the whole of chromosome 17
Thus far, our analyses indicated that allelic pairing of Oct4 loci is a widespread phenomenon observed with differentiation-induced pluripotent ESCs, and is not evident in ECC lines such as F9 and P19. During these analyses, we became interested in whether allelic pairing observed within differentiation-induced ESCs occurs across the entirety of chromosome 17 (forming a railroad-like structure), or occurs in a restricted manner between Oct4 loci. To discriminate between these two possibilities, we conducted two-colored FISH analyses using probes from the Oct4 locus, which is located in the upper portion of the q-arm of chromosome 17, and from a BAC DNA carrying the Fshr gene locus, which localizes close to the telomeric portion of the q-arm of chromosome 17 (RP23-467D18). These analyses revealed that, unlike Oct4 loci, Fshr loci did not show any tendency for allelic pairing (Fig. 5A,B) , indicating that homologous allelic pairing is restricted to Oct4 loci.
Discussion
Embryonic stem cells are pluripotent, meaning these cells exhibit the potential to convert into any cell type found in the body. Together with the property of indefinite self-renewal, the remarkable pluripotent propensity of ESCs holds great promise as a source for generating a variety of transplantable cells for future regenerative medicine. However, varying differentiation competencies of ESCs, which appear to be strongly dependent on the type of ESC line, can hamper the generation of fully differentiated cells suitable for transplantation therapy. Furthermore, differentiation efficiency differs even more significantly among iPSC lines than ESC lines. To make matters worse, molecular mechanisms underlying differences in differentiation competencies among pluripotent cell lines remain almost totally obscure. Under these circumstances, one intriguing observation may provide a clue to solving this problem: ESCs tend to bring homologous Oct4 alleles into close proximity during the early stage of cellular differentiation (Hogan et al. 2015) . Thus far, the physiological significance of this phenomenon remains obscure, in particular, its relation to the broad differentiation propensity of ESCs. However, drawing analogy from other instances of homologous allelic pairing (Lasalle & Lalande 1996; Hu et al. 1997; Duvillie et al. 1998; Thatcher et al. 2005; Xu et al. 2006; Augui et al. 2007; Hewitt et al. 2009; Williams et al. 2010; Galupa & Heard 2015) , one can infer that homologous pairing of Oct4 alleles represents a part of the process for establishing monoallelic expression of the Oct4 gene, in which one Oct4 allele suppresses the transcription of the other allele as a prerequisite step for complete differentiation with no Oct4 expression. Alternatively, the already inactivated Oct4 allele may function to somehow repress the other active Oct4 allele through allelic pairing, although no such inactivated allele-mediated repression process has been reported for other examples of homologous allelic pairing.
As described above, the phenomenon of homologous pairing of Oct4 alleles of differentiation-induced ESCs discovered by Hogan et al. (2015) is original and intriguing, but underlying molecular mechanisms and the physiological significance of this discovery remain elusive. Indeed, the most effective methods/strategies for addressing these important questions are unapparent at present. Under these circumstances, we inquired, as a first step, whether ECCs (which exhibit a highly similar expression profile to ESCs but, unlike ESCs, do not harbor the potential for producing a full repertoire of differentiated cells) also exhibit this phenomenon. Our data in this study clearly demonstrate that unlike ESCs, neither F9 nor P19 ECCs exhibit this phenomenon during cellular differentiation. Thus, our data establish a strict link between the pluripotent properties of ESCs and homologous pairing of Oct4 alleles. We hope that our findings serve as a solid milestone towards elucidation of the physiological meaning of this intriguing phenomenon, leading to understanding of the still elusive molecular bases of ESC pluripotency. Figure 1A . Nuclei were counter-stained with DAPI (blue). Scale bars = 5 lm. (B) Relative frequency of homologous allelic paring of Oct4 loci in RA-treated and untreated P19 ECCs, analyzed as in Figure 1B to calculate the frequency of homologous allelic pairing of Oct4 loci. The frequency of allelic pairing for RA-untreated P19 ECCs was arbitrarily set to one. Data represent mean AE SD of three independent experiments (more than 60 cells were examined in each experiment). One-way ANOVA analyses were employed.
ª 2017 Japanese Society of Developmental Biologists Oct4 allelic pairing is absent in ECCs 645 ESCs treated with RA for 1 day using probes for Oct4 and Fshr loci, which are located at the upper and very end portions of the q-arm of chromosome 17, respectively. Probes for Oct4 and Fshr loci were prepared using biotin-16-dUTP and digoxigenin-11-dUTP, respectively, and visualized using streptavidin-Alexa Fluor 488 (green) and anti-digoxigenin-rhodamine Fab fragments (red). Nuclei were counterstained with DAPI (blue). Oct4 alleles located in close proximity are indicated with white arrows. Scale bars = 5 lm. (B) Frequency of homologous allelic pairing was calculated as in Fig. 1B and shown as a bar graph. Data represent mean AE SD of three independent experiments. Student's t-test was employed to determine levels of significance: *P < 0.05.
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